O2 reactivity of a functional NOR model is investigated by using electrochemistry and spectroscopy. The electrochemical measurements using interdigitated electrodes show very high selectivity for 4e O2 reduction with minimal production of partially reduced oxygen species (PROS) under both fast and slow electron flux. Intermediates trapped at cryogenic temperatures and characterized by using resonance Raman spectroscopy under single-turnover conditions indicate that an initial bridging peroxide intermediate undergoes homolytic OOO bond cleavage generating a trans heme/nonheme bis-ferryl intermediate. This bis ferryl species can oxygenate 2 equivalents of a reactive substrate.
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electrochemistry ͉ ferryl ͉ NOR functional model ͉ O2 reductase ͉ PROS C ytochrome c oxidase (CcO) and nitric oxide reductase (NOR) belong to the heme copper oxidase superfamily of enzymes (1, 2) . CcO is the terminal enzyme in the respiratory chain of higher organisms, located in their mitochondrial membrane, that reduces O 2 to H 2 O as source of energy. The O 2 reduction process in CcO generates a pH gradient across the bilayer membrane, which provides the driving force for ATP synthesis. The bimetallic active site of CcO has a heme ligated to the protein by a proximal histidine ligand and a distal Cu B site coordinated by 3 histidine ligands ( Fig. 1) (3) . In addition to the bimetallic site, there is a conserved tyrosine ligand covalently attached to one of the histidines coordinated to Cu B (4, 5) . The NORs are the older member of the family and are found in bacteria using NO 3 Ϫ as source of energy instead of O 2 (2, 6, 7) . Although there are no high-resolution crystal structures of NOR, biochemical studies and computer modeling indicate that these enzymes have a histidine-ligated heme, quite like the CcOs, and a distal Fe B , unlike Cu B in CcO, coordinated by 3 histidines (Fig. 1) (8) (9) (10) . NORs do not have the conserved tyrosine residue of CcO but have a few conserved key glutamate residues (11, 12) . Although the NOR enzymes are proposed to have specific proton channels, they are probably not involved in generating proton gradients (13) (14) (15) (16) .
These 2 enzymes exhibit complementary reactivity toward 2 very significant diatomic molecules in nature; O 2 and NO. In eukaryotes CcO (aa 3 type) reduces O 2 to H 2 O and is reversibly but strongly inhibited by NO (17) (18) (19) (20) . Several other CcOs (ba 3 , caa 3 , cbb 3 ) are reported to exhibit limited (Ͻ1%) NOR activity, i.e., reduce NO to N 2 O (7, 21) . On the other hand, NORs that reduce NO to N 2 O are reversibly but strongly inhibited by O 2 , and some of them show modest (Ϸ10%) O 2 reduction activity (12) . The parallels in their reactivities toward O 2 and NO and similarities in their secondary structures have led to a hypotheses regarding NOR's and CcO's similar evolutionary origins (6, 22) .
Electrochemistry is a very powerful technique that can provide fundamental insights into reaction mechanisms of redox catalysts (23) (24) (25) (26) (27) . Conventionally, a catalyst is deposited on a conducting electrode material (e.g., graphite); however, this approach does not allow site isolation of the catalysts. Alternatively, catalysts can be covalently attached onto electrode surfaces by taking advantage of self-assembled thiol monolayer formation on gold (Au) surfaces (28) (29) (30) . This has been achieved by either covalently attaching a thiol tail to the catalyst and then coabsorbing it on a Au substrate (30) or by attaching an alkyne functionality onto the catalyst and then attaching it onto an azide-terminated thiol, absorbed onto Au, by using Cu(I) catalyzed ''click'' chemistry ( Fig. 2) (31-34) .
Rotating ring disc electrochemistry (RRDE) provides additional prowess by detecting products or byproducts (35, 36) . In this technique, a ring (Pt or Au) is held at a potential where it specifically oxidizes/reduces the product/byproduct of the electrocatalytic reaction occurring on the Au disc electrode it encircles. A common application has been detection of partially reduced oxygen species (PROS) like superoxide (O 2 Ϫ ) or hydrogen peroxide (H 2 O 2 ) leaked during electrocatalytic reduction of O 2 (32, (37) (38) (39) . However, this technique has limited collection efficiencies (CE, i.e., percentage of the PROS generated being detected on the ring). Interdigitated array (IDA) Electrodes provide an alternative to rotating ring disc techniques for detecting products/byproducts of unstirred electrochemical reactions (40) . IDAs have 2 sets of alternate arrays of electrodes (10 m wide) spaced 5-10 m apart (Fig. 2) . One set of electrodes has the catalyst immobilized on them whereas the other set has electrodeposited Pt metal and acts as the collector (Fig. 2) . The proximity of the collector electrode enables collection efficiencies Ͼ55% providing superior sensitivity for PROS detection (41, 42) .
In the past, we have reported several functional synthetic model complexes of CcO (32, 39) . These functional FeCu CcO models provided insights into important issues such as reversible inhibition by NO and CN Ϫ poisoning (43) . Recently, we reported that a bis-ferrous model can also function as an NOR (44) 
Results
Electrochemistry. By using IDA electrodes, the reduction of dioxygen by the bis-iron complexes was studied under (i) fast electron flux (500 s Ϫ1 ) (33) by using an 11-azido-undecanethiol with octanethiol as a diluent and (ii) slow electron flux (1 s Ϫ1 ) (33) by using an 18-azido-octadecanethiol with hexadecanethiol as a diluent. In a typical experiment, the catalyst was ''clicked'' onto an Au electrode with a mixed SAM deposited on it (31). To maintain site isolation the concentration of the azido thiol was maintained Ͻ10% so that Ͻ10% of the resultant SAM surface was covered with the catalyst. Then linear sweeps were per- The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: jpc@stanford.edu.
formed from ϩ600 mV to Ϫ300 mV vs. NHE at 20 mV/s while the Pt collector electrode was held at ϩ900 mV where it oxidizes both O 2 Ϫ and H 2 O 2 (2 possible PROS) to O 2 (37). Fig. 3A shows a CV of the Fe catalyst in air-saturated buffer (full line) and the corresponding collector current (dashed line). The amount of PROS collected is 11 Ϯ 1% ( adduct under a slow rate of electron transfer. By using the FeCuPhOH catalyst, the PROS goes down to 6 Ϯ 2% (Table 1) under slow electron transfer. This remarkable reduction of PROS by this catalyst has been reported before by using a rotating ring disc (RRD) assembly and is due to the presence of the distal Cu and the redox-active phenol in the catalyst. Recently, we have shown that on an IDA electrode, the FeCuPhOH catalyst gives the same result as the RRD electrode (45) .
The FeFe catalyst also shows only 6 Ϯ 2% ( (46) . Thus, 1 of the 2 electrons needed to reduce O 2 to peroxide is derived from the heme, and hence, the other must be derived from Fe B . This species could be either an end-on or side-on peroxide. Although no Fe B -O vibration could be observed in the rR, the high OOO, single Fe-O vibration and the low-spin state of the heme (requiring a strong ligand field) are consistent with an end-on peroxide rather than a side-on peroxide (48, 49) .
Upon warming the temperature to Ϫ20°C, the 4 band moves to 1,373.7 cm Ϫ1 , and the 2 band shifts to 1,572.1 cm Ϫ1 . Such high-energy 4 and 2 bands are characteristic of ferryl species 4 and 2 porphyrin bands indicate the presence of a single ferryl heme species. The possibility of a trans heme/ nonheme bis-ferryl species is evaluated below. Upon further warming, the reaction to 5°C the 4 band shifts to 1,371.6 cm Ϫ1 , the 2 shifts to 1,570 cm Ϫ1 (Scheme 1), and the isotope-sensitive ferryl bands lose all of their intensity. This indicates decay of both the ferryl species and formation of a low-spin Fe III heme species (46) .
The rR data on the intermediates cryogenically trapped during the single-turnover experiment described above indicates the possible involvement of a trans heme/nonheme bis-ferryl species from reaction of the bis-ferrous catalyst with O 2 . To provide further evidence for the presence of such species, we evaluated their oxo transfer reactivity using triphenylphosphine, which can be oxidized to triphenylphosphine oxide by both heme and nonheme ferryl species (57) (58) (59) . GC analysis of a reaction of O 2 with the bis-ferrous catalyst in presence of triphenylphosphine indicates formation of 5-6 equivalents of triphenylphosphine oxide. Because there are no additional reductants present under the reaction conditions, this indicates that the reaction is catalytic and shows 2-3 turnovers. Thus, this implies that, indeed, a heme/nonheme trans bis-ferryl intermediate is formed resulting from the reaction of the bis-ferrous complex with O 2 . Each of the ferryl species donates an oxygen atom to a molecule of triphenyl phosphine, resulting in regeneration of the bis-ferrous form (Scheme 1). This makes the reaction catalytic and 2 to 3 turnovers were obtained per catalyst. Further exploration of this reactivity remains to be completed.
Discussion
In this article, we described O 2 reduction by a bis-ferrous model, which shows NOR activity. Our electrochemical data indicate that this catalyst can perform efficient 4e reduction of O 2 with negligible PROS formation. Under slow electron flux, the 95% selectivity for 4e O 2 reduction (i.e., 5% production of H 2 O 2 ) is comparable with the FeCuPhOH catalyst previously reported and is much greater than an Fe-only catalyst, which shows as much as 20 Ϯ 2% PROS, i.e., 20% H 2 O 2 production. The primary mechanism by which PROS are produced during electrocatalytic O 2 reduction is proposed to be the hydrolysis of the initial Fe-O 2 adduct formed (step B, Scheme 1) (60) . This leads to the generation of O 2 Ϫ , which would be detected either by itself or as H 2 O 2 resulting from its disproportionation. In the absence of additional redox-active centers, the OOO bond cleavage by the Fe-only catalyst (which does not have the necessary 4e's to reduce O 2 to H 2 O) can be limited by electron flux arriving from the electrode (step C, Scheme 1). This is why the 11 Ϯ 1% PROS the Fe-only catalyst produced under fast electron flux (500 s Ϫ1 ) increases dramatically to 20 Ϯ 2% under slow (1 s Ϫ1 ) electron flux. However, the FeFe catalyst possesses all 4 electrons necessary for O 2 reduction (2 from each Fe), and thus it does not produce significant PROS either under fast or slow electron transfer conditions because the OOO bond fission generating the ferryl species precedes hydrolysis of the oxy species; i.e., step C is much faster than step B in Scheme 1. This is indeed the case as we were able to trap and identify the trans heme/nonheme bis-ferryl intermediate by using rR spectroscopy.
Two distinct intermediates were trapped and characterized by using rR spectroscopy under single-turnover conditions. From the relative enhancements of the 2 ferryl modes via excitation into the porphyrin soret band, we believe that the strongly enhanced 756 cm Ϫ1 mode corresponds to the heme ferryl species, whereas the weakly enhanced 808-cm Ϫ1 mode corresponds to the nonheme ferryl species. The Fe-O vibration for the heme ferryl species is on the lower side of the range reported for heme ferryl species (51) . These values are very similar to those reported for lactoperoxidase (745 cm Ϫ1 ) and cytochrome c peroxidases (753 cm Ϫ1 ) (52) and may indicate weakening of the Fe IV AO bond by hydrogen bonding or a strong trans effect of the covalently attached proximal imidazole tail (52) .
The occurrence of the bis-ferryl intermediate after a peroxide intermediate indicates a homolytic OOO bond cleavage occurring in this complex. Alternatively, a heterolytic OOO bond cleavage would result in the formation of a compound I species and a Fe B III . Such a species would be expected to have a very weak and low-energy 4 vibration inconsistent with the rR data observed for this intermediate. A homolytic OOO bond cleavage may also result in the formation of a bridging bis--oxo Fe IV Fe IV species similar to those proposed for methane monooxygenase active site. Although there is no precedent of such a complex that would allow a direct comparison of its spectroscopic features to the one presented here, such an intermediate cannot perform 2 oxygen transfer reactions because 1 oxygen transfer reaction would result in the formation of a -oxo Fe III Fe III species that is not capable of an additional oxo atom transfer as was observed here. These considerations lead to the mechanistic proposal of O 2 reduction by the bis-iron complex presented in Scheme 2. The bis-ferrous complex binds O 2 to form an end-on bridging peroxide. This undergoes a homolytic OOO bond cleavage to generate a trans heme/nonheme bis ferryl intermediate. This species is reduced to the bis ferrous form either by 4e Ϫ transfers from the electrode during electrocatalysis or via oxygen atom transfers to 2 equivalents of triphenylphosphine during atom transfer catalysis.
In summary, our results indicate that a FeFe active site of NOR can be as efficient in O 2 reduction as a CcO active site. The high-valent intermediates involved in CcOs have only 1 ferryl center (both P R and P M ) (1). However, O 2 reduction by a NOR site could possibly result in a trans heme/nonheme bis-ferryl intermediate. The presence of such a reactive intermediate could be disadvantageous because it might lead to degradation of the enzyme active site under conditions of slow electron flux (i.e., if these species are not rapidly reduced). These results imply that these NOR model sites may be potential dioxygenases and opens up routes for future research in this fundamentally important area.
Materials and Methods
All chemicals obtained commercially were used without further purification. The synthesis of the FeFe catalyst has been reported before (44) . O 18 -enriched O 2 (Ͼ95% enrichment) was purchased from Cambridge Isotopes. The solvents used were purified in a solvent still before moving them in a N 2 glove box, where the solutions of the reduced catalysts were prepared.
Interdigitated electrodes were obtained from the Stanford nanofabrication facility. Pt was electrodeposited on 1 set of alternate array electrodes from a solution of K 2PtCl4. The Pt electrode was cleaned before experiments by several CV cycles between 1,600 and Ϫ300 mV in pH 7 buffer or 0.5 M H 2SO4. The Au electrode was also electrochemically cleaned before experiments by several CV cycles between 1,650 and Ϫ200 mV at 250 mV in 0.5 H 2SO4. The azide-terminated thiols were synthesized and characterized as reported previously (33, 45) . The mixed thiol monolayer was deposited by immersing the cleaned IDAs in a 0.4 mM solution of a mixture of azide-terminated thiol and thiols in ethanol for 1 h.
The alkyne-terminated catalysts were covalently attached onto the azideterminated thiol monolayer by using Cu(I) catalyzed 1,3-dipolar cyclo-addition reaction (61) . A solution containing 10 -20 M catalyst, 20 M Cu(II)TBTA, and 100 M sodium ascorbate in a 3:2 mixture of DMSO and water was placed over the SAM-modified electrodes in a N 2 glove box. The coverage of the catalyst was maintained between 1% and 10% and was measured by integrating the charge under an anaerobic CV or an aerobic CV with 100 mM imidazole (which inhibits O 2 reduction). All electrochemical measurements were performed at room temperature (Ϸ21°C) at pH 7 phosphate buffer with 100 mM KPF 6 electrolyte on a commercially purchased Pine AFCBP1 bipotentiostat (Pine Instruments). The PROS were determined by collection scans that were run at 20 mV. To measure the collection efficiency of the IDA's linear sweep of a set of Au electrodes were performed between 500 and Ϫ600 mV while the collector Pt electrode was held at a constant potential of 900 mV vs. NHE. At this potential, the Pt electrode oxidizes both O 2 Ϫ and H2O2 (back to O2) produced due to quantitative 2e reduction of O2 by Au at pH 7 (32) . The ratio of the electrocatalytic current at the Au electrode and that registered by the Pt at 100 -0 mV vs. NHE is the collection efficiency of the IDA. Typical values range from 55% to 60% i.e., 55-60% of the PROS produced at the Au electrode is detected in the adjacent Pt electrode before diffusion into bulk solution. PROS generated by the catalysts are quantified by the percentage of the current detected by the Pt electrode during steady-state O2 reduction of O2 by the catalyst clicked onto the adjacent SAM-coated Au electrode corrected for collection efficiency of that IDA (determined before SAM formation). For spectroscopic measurements, O2 is added to the bis-ferrous catalyst at Ϫ80°C. The solution is kept at Ϫ80°C for 20 -30 min before spectroscopic measurements or warming it up to Ϫ20°C or room temperature. Resonance Raman spectra were obtained by using an Andor Newton electronically cooled CCD detector on a Spex 1877 CP triple monochromator with 1,800 and 2,400 grooves per millimeter holographic spectrograph gratings. Excitation was provided by a Dye Laser (Stilbene; Coherent 599) that was energized by a Coherent Innova Sabre 25/7 Ar ϩ CW ion laser. The laser line 425 nm (Ϸ10 -20 mW) was used for excitation. The spectral resolution was Ͻ2 cm Ϫ1 . Sample concentrations were Ϸ1-2 mM in Fe. The samples were either cooled to 77 K in a quartz liquid nitrogen finger dewar (Wilmad) and hand spun to minimize sample decomposition during scan collection. No sample degradation or photochemical dissociation were observed in any of these experiments. The Raman shifts were calibrated by using the nonresonance scattering from solid citric acid.
Conditions for Quantifying Oxo Transfer Reactivity.
A solution of Fe-only catalyst in dichloromethane (2 mM, 10 L) was sealed in a vial under nitrogen. It was cooled to Ϫ40°C. A solution of Fe(OTf)2 (2 mM, 10 L) in dichloromethane was injected. The mixture was kept for 10 min at Ϫ40°C to ensure distal Fe binding. Then a solution of PPh3 (20 mM, 10 L) in dichloromethane was added, followed by a saturated O2 solution in dichloromethane (50 L). The mixture was kept in the cold bath and allowed to slowly warm to 0°C (Ϸ1 h). The amount of the remaining triphenylphosphine and the produced triphenylphosphine oxide were analyzed by gas chromatography on a HP 6890 chromatograph. They were quantitatively determined with the use of a known amount of nitrobenzene as an internal standard. The identity of the compounds was confirmed by comparing retention times of the compound with authentic samples. A 30-m ϫ 0.25-mm column of HP (Innowax, 0.25-m film) on fused silica was used. Triphenylphosphine oxide (2-3%) was observed in parallel control experiments without adding the catalyst before adding oxygen. Helium was used as a carrier gas at a flow rate of 1 mL/min. Column temperature, 250°C; injector temperature, 260°C; detector temperature, 260°C; injection volume, 0.04 L.
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